Elevated concentrations of arsenic in groundwater pose a public health threat to millions of people worldwide. The authors aimed to evaluate the association between arsenic exposure and skin lesion incidence among participants in the Health Effects of Arsenic Longitudinal Study (HEALS). The analyses used data on 10,182 adults free of skin lesions at baseline through the third biennial follow-up of the cohort (2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009). Discrete-time hazard regression models were used to estimate hazard ratios and 95% confidence intervals for incident skin lesions. Multivariate-adjusted hazard ratios for incident skin lesions comparing 10.1-50.0, 50.1-100.0, 100.1-200.0, and !200.1 lg/L with 10.0 lg/L of well water arsenic exposure were 1.17 (95% confidence interval (CI): 0.92, 1.49), 1.69 (95% CI: 1.33, 2.14), 1.97 (95% CI: 1.58, 2.46), and 2.98 (95% CI: 2.40, 3.71), respectively (P trend ¼ 0.0001). Results were similar for the other measures of arsenic exposure, and the increased risks remained unchanged with changes in exposure in recent years. Dose-dependent associations were more pronounced in females, but the incidence of skin lesions was greater in males and older individuals. Chronic arsenic exposure from drinking water was associated with increased incidence of skin lesions, even at low levels of arsenic exposure (<100 lg/L).
Globally, more than 100 million people, including approximately 28-57 million in Bangladesh, are chronically exposed to arsenic through naturally contaminated drinking water (1) . The International Agency for Research on Cancer has classified arsenic as a class I human carcinogen (2) . Arsenic in drinking water has been associated with increased risk of a wide range of health outcomes including cancers of the skin, lung, bladder, liver, and kidney (3-7); neurologic disease (8) ; cardiovascular disease (9) ; and other nonmalignant diseases (10, 11) .
Although most arsenic-related cancers have long average latency periods, skin lesions appear within a relatively shorter period of time following exposure to arsenic (12, 13) . Additionally, skin lesions are considered precursors to a majority of the arsenic-induced basal and squamous cell skin cancers (14).
Numerous epidemiologic studies have evaluated the relation between arsenic in drinking water and skin lesion prevalence in various populations, such as the recent review by Smith and Steinmaus (15) . All prior studies have been cross-sectional or case-control in design, utilizing data from prevalent cases. Although these studies have clearly demonstrated increased skin lesion risk at high arsenic concentrations (>100 lg/L), the risk of skin lesions at lower arsenic exposure levels still remains in question. Additionally, to our knowledge, no prospective cohort studies have been conducted to evaluate the association between arsenic exposure in drinking water at the individual level and skin lesion incidence.
The Health Effects of Arsenic Longitudinal Study (HEALS) provides a unique opportunity to investigate the association between arsenic exposure and skin lesion incidence by using a prospective design based on individual-level assessment of arsenic exposure. In this study, we utilize data from the HEALS cohort to evaluate the incidence of skin lesions in relation to arsenic exposure, measured by individual-level well water and urinary total arsenic concentrations, as well as by daily arsenic intake.
MATERIALS AND METHODS

Study sample
HEALS was designed to investigate the health effects of arsenic exposure through drinking water in a populationbased sample of adults in Araihazar, Bangladesh. The study methods have been described previously (16) . At the start of the study, we identified 12,050 eligible individuals for recruitment from the enumerated total of approximately 65,000 residents in the study area. Between October 2000 and May 2002, we sampled married individuals aged 18-75 years and residing in the study area for at least 5 years. There were 11,746 men and women enrolled into the HEALS cohort. At the baseline interview, trained study physicians blinded to the arsenic concentrations in participants' drinking water conducted in-person interviews and clinical and skin evaluations, and they collected urine and blood samples from participants in their homes according to a structured protocol. Participants were contacted for a follow-up interview biennially thereafter, following the same protocol as that for the baseline interview. For the purposes of this analysis, we excluded individuals with prevalent skin lesions at baseline (n ¼ 714), no baseline skin examination (n ¼ 306), or no first follow-up skin examination (n ¼ 544). Thus, we included 10,182 individuals in the present analysis.
Exposure assessment
At baseline, participants were asked to identify the primary well used as their main source of drinking water, from which we assigned the appropriate well water arsenic concentration exposure. Well water arsenic concentrations of all 5,966 wells in the study area were measured by graphite furnace atomic absorption spectrometry, with a detection limit of 5 lg/L. Samples below the limit of detection were subsequently reanalyzed by inductively coupled plasma-mass spectrometry, with a detection limit of 0.1 lg/L (17). Daily arsenic intake (lg/day) was calculated by multiplying the well water arsenic concentration of the primary well, lg/L, by the self-reported daily amount consumed from that well, L/day (n ¼ 10,176). If participants drank from a secondary well, information from that well was included in the daily arsenic intake computation. To incorporate information on the duration of arsenic exposure, we calculated a cumulative arsenic index as (well water arsenic concentration of each known well, lg/L) 3 (daily amount consumed from each well, L/day) 3 (duration of well use, days), summed over all known wells. A sensitivity analysis was performed to examine the effect of using the cumulative arsenic index relative to daily arsenic dose.
Among the 9,904 individuals who provided a spot urine sample at baseline, 9,876 (99.7%) provided a spot urine sample at the first follow-up, and 9,408 (95.0%) provided a spot urine sample at the second follow-up. The urinary total arsenic concentration was measured by graphite furnace atomic absorption spectrometry, with a detection limit of 2 lg/L (18). Urinary creatinine was measured by a colorimetric method based on the Jaffe reaction described by Heinegard and Tiderstrom (19) , and urinary total arsenic was subsequently divided by creatinine to obtain a creatinine-adjusted urinary total arsenic concentration, expressed as lg/g of creatinine (20) .
Well water arsenic cutpoints for the first and second quintiles were adjusted to correspond with the World Health Organization's guideline for arsenic in drinking water (10 lg/L) and the national standard for arsenic in drinking water in Bangladesh (50 lg/L). The urinary total arsenic concentration and the daily arsenic intake were categorized by quintiles according to the baseline distribution of the cohort eligible for analysis.
Skin lesion status
The first follow-up wave was conducted between September 2002 and May 2004; among the 10,182 eligible participants, all completed the first follow-up interview based on the exclusion criteria of the present analysis, and 431 incident skin lesions were detected ( Figure 1 ). The second follow-up wave was conducted between June 2004 and August 2006; among the 9,751 participants known to be free of skin lesions at the first follow-up evaluation, 9,231 (94.7%) had a completed skin examination at the second follow-up interview, of whom 311 had incident skin lesions. The third follow-up wave was conducted between January 2007 and February 2009; among the 8,920 participants known to be free of skin lesions at the second follow-up evaluation, 8,516 (95.5%) had a completed skin examination at the third follow-up interview, of whom 124 had incident skin lesions. In summary, a total of 10,182 individuals were included in these analyses, of whom 866 individuals developed incident skin lesions. Participants who did not develop skin lesions were censored at the third biennial follow-up (n ¼ 8,392) or time of last skin examination (n ¼ 924). For the purposes of these analyses, once an individual was censored, there was no reentry into the analysis cohort.
A structured protocol was used to ascertain skin lesions by the study physicians who had undergone training for the detection and diagnosis of skin lesions. The study physician recorded the presence or absence of melanosis (a hyperpigmentation of the skin surface), leucomelanosis (a hypopigmentation of the skin surface), or keratosis (a thickening of the skin typically on the palms and soles) (21) . For the present analysis, skin lesion incidence was constructed on the basis of the incidence of any type of skin lesion among individuals who previously had no manifestation of any type of skin lesion.
Covariates
All covariate data were derived from the baseline interview. We included sex (male, female), age (years), formal education (yes, no), attained level of education (years), smoking status (never, former, or current), and body mass index (weight (kg)/height (m) 2 ), with height and weight measured at the baseline examination by the study physician.
Statistical analyses
Discrete-time hazard models were used to estimate discrete-time hazard ratios and their 95% confidence intervals for skin lesion incidence. These models were based on the probability (i.e., the discrete-time hazard) of skin lesion incidence at each biennial follow-up period conditional on being skin lesion free at the previous interval (22) . The conditional probability was estimated by using a log-linear model with a different intercept for each study interval, but with common regression coefficients across all intervals. The regression coefficients were interpreted as log discretetime hazard ratios, analogous to log (continuous time) hazard ratios that arise in the traditional proportional hazards model (23) . Because the enrollment of participants into the cohort was clustered on household (i.e., married couples) and households were clustered on the primary well, robust standard errors computed on the basis of the primary well were used for discrete-time hazards to account for this correlation as is done in generalized estimating equations analyses (24) .
Arsenic exposure quintiles were modeled by using indicator variables in regression models, initially adjusted for sex and age, and including indicators for study interval. Multivariate models included further adjustment for body mass index, smoking status, formal education, and years of attained education. These covariates were considered potential confounders on the basis of a priori causal knowledge. Tests for trend were conducted by introducing a single ordinal arsenic exposure variable in the discrete-time hazard model, and the corresponding P value of the coefficient was interpreted as the P for trend (P trend ). We evaluated effect modification by sex and age (dichotomized at the median value) on both the additive and multiplicative scales. Additive interaction was evaluated through the relative excess risk for interaction (RERI) by using multivariate-adjusted estimates. This was calculated as
Here, b 1 is the coefficient of the ordinal arsenic exposure measure, b 2 is the coefficient of the ordinal effect modifier measure, and b 3 is the coefficient of the cross-product of the ordinal arsenic exposure and ordinal effect modifier measures (25, 26) . Bias-corrected and -accelerated 95% confidence intervals of the RERI were estimated via 1,000 bootstrap samples, where the resampling was performed at the level of well (27) . Confidence intervals of the RERI were also calculated by using the delta method described by Hosmer and Lemeshow (28) with similar results (not shown). Tests for multiplicative interaction were assessed via the P value of the cross-product term of the ordinal exposure variable and the ordinal effect modifier in the discrete-time hazard model.
Using repeated urinary total arsenic concentration measures, assessed every 2 years from all participants, we also evaluated the impact of recent changes in arsenic exposure during the follow-up period on skin lesion incidence. The median urinary total arsenic concentration at baseline (273 lg/g) was used to dichotomize the baseline, first, and second followup measures. In the model that included baseline and follow-up 1 exposure patterns, skin lesions detected in the 2 waves subsequent to follow-up 1 were modeled. In the model that included baseline and follow-up 2 exposure patterns, skin lesions detected in the last wave subsequent to follow-up 2 were modeled. These models were also adjusted for all previously mentioned potential confounders. Statistical analyses were performed by using the procedure GENMOD, SAS release 9.2 (SAS Institute, Inc., Cary, North Carolina), and STATA, version 11 (StataCorp LP, College Station, Texas), software.
RESULTS
Between 2000 and 2009, 866 incident skin lesion cases were identified among 10,182 individuals in the HEALS cohort-431 incident cases at the first follow-up, 311 incident cases at the second follow-up, and 124 incident cases at the third follow-up. Characteristics of the analysis cohort members according to incident skin lesion status are shown in Table 1 . In unadjusted models, body mass index, years of formal education, and female sex were inversely associated with skin lesion incidence; smoking history and older age were positively associated with skin lesion incidence.
Adjustment for well water arsenic concentration did not appreciably change these hazard ratios, and all sociodemographic and lifestyle characteristics remained significant risk factors for incident skin lesions (results not shown).
Arsenic exposure was associated with skin lesion incidence in a dose-dependent manner for all 3 measures of exposure (Table 2) . By utilization of the ordinal exposure data in the multivariate models, a 1-quintile increase in well water arsenic concentration was associated with a 31% increase in incidence of skin lesions (95% confidence interval (CI): 1.25, 1.38), with corresponding increases of 27% (95% CI: 1.21, 1.34) and 30% (95% CI: 1.24, 1.37) for urinary total arsenic concentration and daily arsenic intake.
In sensitivity analyses, inclusion of the cumulative arsenic index in skin lesion models did not show additional predictive power beyond that shown from other arsenic exposure measures (which did not include duration of well use). Because the daily arsenic dose was highly correlated with the cumulative arsenic index, results of the latter are not presented. We evaluated whether the associations between arsenic exposure and skin lesion incidence were modified by sex and age on the additive and multiplicative scales. Estimates are presented in Tables 3 and 4 for the interpretation of multiplicative interaction; estimates interpreted for additive interaction can be derived from the information provided in the footnote. We observed significant interaction on the multiplicative scale, by sex, for the association between daily arsenic intake and skin lesion risk (v 2 ¼ 4.60, 1 df; P interaction ¼ 0.036), suggesting that the dose-response association between arsenic exposure and skin lesion incidence is stronger in females. On the additive scale, we observed that skin lesion incidence was greater in males with each 1-quintile increase in well water arsenic exposure than would be expected on the basis of the additive independent effects of sex and well water arsenic exposure alone (RERI ¼ 0.47), as shown in Table 3 . Similar departures from additivity were seen with urinary total arsenic exposure and daily arsenic intake. No significant interaction was observed on the multiplicative scale between arsenic exposure and age on skin lesion incidence (Table 4) . On the additive scale, skin lesion incidence was greater in individuals aged 36 years or older with each 1-quintile increase in well water arsenic exposure than would be expected on the basis of the additive independent effects of age and well water arsenic exposure alone (RERI ¼ 0.77), as shown in Table 4 . Similar departures from additivity were also seen with urinary total arsenic exposure and daily arsenic intake.
We examined the impact of 2-and 4-year changes in arsenic exposure (as measured by repeated urinary total arsenic concentrations) subsequent to baseline enrollment, shown in Table 5 . The multivariate-adjusted hazard ratio for comparison of high baseline exposure with low baseline exposure was 1.70 (95% CI: 1.40, 2.08) for incident skin lesions occurring subsequent to the first follow-up. Further stratification of baseline exposure status by the first followup exposure levels did not appear to have a differential effect on skin lesion incidence ( Table 5 ). The multivariateadjusted hazard ratio for comparison of high baseline exposure with low baseline exposure was 2.09 (95% CI: 1.45, 3.01) for incident skin lesions occurring subsequent to the second follow-up. Further stratification of baseline exposure status by the second follow-up exposure levels also did not appear to have a differential effect on skin lesion incidence (Table 5) .
DISCUSSION
We observed a dose-dependent increase in risk of incident skin lesions with increasing arsenic exposure. There was evidence of synergism on the additive scale of these associations by sex and age (with stronger effects among males and older subjects) and, to a lesser degree, on the multiplicative scale by sex (with stronger effects among females). Utilizing repeated measures of creatinine-adjusted urinary total arsenic concentration for all cohort members, we found that chronic long-term exposure to arsenic (captured from the baseline assessment of exposure) was a more important predictor of skin lesion risk than were the subsequent shortterm changes in exposure (captured at the follow-up visits).
Most importantly, we observed an effect of arsenic exposure on the risk of skin lesions, even at lower levels of well water arsenic exposure in this population (50.1-100 lg/L); this finding was consistent across all major subgroups defined by sex and age. Of the 3 measures of arsenic exposure that we ascertained, the water-based measures of arsenic exposure (well water arsenic concentration and daily arsenic intake) were more strongly associated with disease risk on the basis of quintile scores. Prior studies using individual well water arsenic concentrations have shown dose-dependent associations of arsenic exposure with skin lesion prevalence by using cross-sectional designs (21, (29) (30) (31) as well as case-control studies of prevalent cases that utilized current well water arsenic concentration (32) , constructed measures of lifetime arsenic exposure (13) , and 20-year historical arsenic exposure (33) . However, for many of these studies, the prevalence of skin lesions at the lower well water arsenic concentrations was quite low relative to the prevalence we have previously observed in our study population (21) , as well as by others (33, 34) . Consequently, many of these prior studies failed to show an effect of arsenic at the low dose range because of the small number of cases indentified at low exposure levels. Rahman et al. (33) showed that individuals exposed to a time-weighted mean well water arsenic concentration of 10-49 lg/L since 1970 had an increased risk of skin lesions compared with individuals exposed to <10 lg/L (male adjusted odds ratio (OR) ¼ A strength of the current analysis was that we had the unique opportunity of having a sufficient number of incident skin lesion cases among individuals exposed to arsenic concentrations less than 100 lg/L to evaluate effects at the lower end of the arsenic dose range. Variations in the incidence of skin lesions across study populations should be considered in future research and may potentially be attributable to differences in socioeconomic characteristics, smoking patterns, nutritional status, or the distribution of other modifying risk factors.
There was significant modification of the associations between arsenic exposure and skin lesion risk by sex on the additive and multiplicative scales and by age on the additive scale. Males were observed to have an increased incidence of arsenical skin lesions compared with females, which is consistent with studies of skin lesion prevalence (21, 29, 30, (33) (34) (35) (36) . It has been suggested that the increased incidence among males may be partly attributed to sun exposure (37) or differences in arsenic methylation capacity (38, 39) . However, we saw that the multiplicative doseresponse association between daily arsenic dose and skin lesion risk was more pronounced in females. We also observed that older individuals had an increased incidence of skin lesions, which was consistent with prior studies (33) and has also been attributed to decreased arsenic methylation capacity with increased age (38, (40) (41) (42) (43) (44) .
Utilizing repeated measures of urinary total arsenic exposure over time, we see that once chronically exposed, decreasing exposure for up to several years did not reduce Abbreviations: CI, confidence interval; HR, hazard ratio (discrete time). a Low categories were based on creatinine-adjusted urinary total arsenic concentrations of <273 lg/g; high categories were based on creatinine-adjusted urinary total arsenic concentrations of !273 lg/g. b Adjusted for sex, age, body mass index, formal education, education years, and smoking status (current vs. never, past vs. never).
c Hazard ratios were additionally adjusted for follow-up 2 indicator and follow-up 3 indicator.
one's risk of skin lesions. Whereas short-term changes in exposure did not decrease skin lesion risk, we will continue to evaluate the modification of risk as the cohort is followed for a longer period of time. Studies from Taiwan and Chile have shown that cancer risks persist even with the cessation of arsenic exposure (45) (46) (47) ; therefore, it may be important to consider other chemoprevention strategies in conjunction with remediation for arsenic-exposed populations.
The major strengths of this study were the prospective design, the large size of the study cohort, the wide range of arsenic exposure, the multiple measures of baseline arsenic exposure, and the repeated prospective assessment of urinary total arsenic concentration. Whereas previous studies have demonstrated an association between arsenic exposure and skin lesions at high exposure levels, those studies relied primarily on prevalent cases and had limited power at the low exposure levels.
There are limitations of this study that we also consider. A complete lifetime historical assessment of arsenic exposure has not yet been undertaken for this study population. A major obstacle to this endeavor is that many of the wells that individuals may have used in the distant past may no longer exist or be in the same location; therefore, ascertainment of the water arsenic concentration of historical wells will not be complete for all cohort members. When we compare the mean number of years that individuals reported using their primary baseline well, individuals with incident skin lesions had reported using the baseline well for 7.96 (standard deviation, 5.98) years, and individuals without skin lesions had reported using the baseline well for 6.98 (standard deviation, 4.90) years.
The findings of this study have important public health implications for arsenic in drinking water. Prior epidemiologic research has examined the prevalence of skin lesions with arsenic concentrations. This is the first large study to examine the association of skin lesion incidence with arsenic exposure. Second, 24% of the cohort in the analysis had well water arsenic concentrations of less than 10 lg/L and 46% less than 50 lg/L, which makes the exposure levels comparable to other populations that have low level arsenic exposure.
In conclusion, we found that arsenic exposure through drinking water was associated with increased risk of skin lesion incidence, even at water concentrations less than 100 lg/L. Because prior studies have not been sufficiently powered to evaluate skin lesion risk at low levels of arsenic exposure, this work provides important evidence for arsenic toxicity at low exposure levels. Additionally, we saw persistent increased risk of skin lesions even among individuals who had reduced their arsenic exposure in recent years, which suggests that future chemoprevention interventions should be considered in conjunction with remediation of exposed populations to reduce future cancer risks.
